Abstract Purpose: Bone marrow is a common homing organ for early disseminated tumor cells (DTC) and their presence can predict the subsequent occurrence of overt metastasis and survival in lung cancer. It is still unclear whether the shedding of DTC from the primary tumor is a random process or a selective release driven by a specific genomic pattern. Experimental Design: DTCs were identified in bone marrow from lung cancer patients by an immunocytochemical cytokeratin assay. Genomic aberrations and expression profiles of the respective primary tumors were assessed by microarrays and fluorescence in situ hybridization analyses. The most significant results were validated on an independent set of primary lung tumors and brain metastases. Results: Combination of DNA copy number profiles (array comparative genomic hybridization) with gene expression profiles identified five chromosomal regions differentiating bone marrownegative from bone marrow-positive patients (4q12-q32, 10p12-p11, 10q21-q22, 17q21, and 20q11-q13). Copy number changes of 4q12-q32 were the most prominent finding, containing the highest number of differentially expressed genes irrespective of chromosomal size (P = 0.018). Fluorescence in situ hybridization analyses on further primary lung tumor samples confirmed the association between loss of 4q and bone marrow-positive status. In bone marrowpositive patients, 4q was frequently lost (37% versus 7%), whereas gains could be commonly found among bone marrow-negative patients (7% versus 17%). The same loss was also found to be common in brain metastases from both small and non-small cell lung cancer patients (39%). Conclusions:Thus, our data indicate, for the first time, that early hematogenous dissemination of tumor cells might be driven by a specific pattern of genomic changes.
Lung cancer is one of the most frequently diagnosed cancers in developed countries and the main cause of cancer-related deaths, with an overall relative 5-year survival rate of 15% (1) . Approximately 40% of patients with completely resected nonsmall cell lung cancer (NSCLC) without lymph node metastasis (N 0 ) or clinical signs of overt distant metastases (M 0 ) at time of the primary surgery relapse within 24 months. Thus, single disseminated tumor cells (DTC) , not recognized by current routine imaging methods, may be already present in distant organs at the time of resection of the primary lung tumor (2, 3) .
Sensitive immunocytochemical assays have revealed that bone marrow is a common reservoir for DTCs derived from various types of malignant epithelial tumors (3) . In NSCLC, several groups have reported a significant positive association between the presence of DTCs in bone marrow and an unfavorable prognosis, indicating that DTCs may give rise to distant metastases in the bone and other organs (2, 4, 5) .
It is still debated whether the release of cells from the primary tumor is a selective process or rather represents a more random shedding of cells into the circulation. Recent reports have shown that early hematogenous dissemination of breast tumor cells appears to be associated with a gene expression signature of the primary tumor, suggesting that early hematogenous dissemination of DTCs is a specific process driven by a set of control genes (6, 7) . However, nothing is known thus far about underlying genomic aberrations and no comparable investigations have been done in lung cancer. Genomic aberrations leading to cancer progression and metastases can be extremely useful in diagnosis and treatment decision as has been shown by the utilization of commercial fluorescence in situ hybridization (FISH) kits for different types of cancer (8, 9) .
In the present study, we investigated whether the early dissemination of tumor cells into bone marrow is associated with a specific molecular pattern in primary lung cancer. For the detection of DTCs, we used an immunocytochemical cytokeratin assay that allows the identification of one tumor cell in the background of 1 million normal bone marrow cells (10) . The specificity of this assay was shown previously by the analysis of f200 noncarcinoma control patients (10) . By using high-resolution comparative genomic hybridization (CGH) and expression arrays, we compared the genomic aberration and expression profiles of lung carcinomas from patients with and without DTCs in the bone marrow. A three-step analysis with independent measurement technologies revealed tumorspecific genetic signatures associated with early hematogenous dissemination of NSCLC cells into bone marrow. Interestingly, the most prominent aberration identified was also frequently observed in brain metastases, suggesting a potential involvement in both tumor cell dissemination and metastatic progression.
Materials and Methods
Patients and tissue samples. Primary tumor samples were collected from 62 patients with adenocarcinomas, squamous cell carcinoma (SCC), or large cell lung cancer that underwent surgical resection at the Central Hospital Gauting or the University Medical Center HamburgEppendorf. This study received ethics review board approval and sample donors gave written informed consent. Clinical data are summarized in Table 1 . The tumor samples were divided into two groups based on their bone marrow status: bone marrow-negative (n = 30) and bone marrow-positive (n = 32) samples. Additionally, a tissue microarray containing 36 brain metastases of patients with primary lung cancer was used for FISH analyses.
Bone marrow analysis. The procedures for isolation and immunocytochemical detection of tumor cells in the bone marrow have been described in detail (11) . Briefly, bone marrow was aspirated from the upper iliac crest and the isolated mononuclear cells were
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Tumor staining and nucleic acid extraction. Fresh cryosections were mounted either on a noncoated slide or for laser pressure catapulting on a polyethylene membrane-coated slide (P.A.L.M). Either manual dissection or laser pressure catapulting using the Laser Microbeam System (P.A.L.M.) was used to obtain a tumor cell content of at least 70%.
Sections were stained with 1% toluidine blue O (Sigma-Aldrich) and 0.2% methylene blue (Fluka). Nucleic extraction was done using the RNeasy Micro Kit (Qiagen) with a DNase I treatment or the QIAmp DNA Micro Kit (Qiagen), respectively.
Array CGH. Array CGH on 30 lung adenocarcinomas was done as described (data available at GEO accession no. GSE13191; ref. 13) . Briefly, 300 ng tumor DNA and 300 ng reference DNA (pooled leukocyte DNA of 10 healthy females or males) were labeled by random priming with Cy3-and Cy5-labeled dCTP (Applied Biosystems), respectively, and hybridized on oligo array CGH containing 28,830 oligonucleotides (13) . To control the quality of hybridization, we performed a sex-mismatch, that is, DNA of opposite gender was used as reference. Subsequently, the X and Y chromosomes were excluded for downstream data analysis. The raw signal intensities were obtained with Bluefuse (13) . The unreliable and morphologically corrupted measurement spots were removed from the data (14) . The clones were first ordered based on their physical location. Thereafter, the data from each patient were scaled with global normalization to obtain equal median and variance for the middle 80 percentiles of autosomes to avoid the effect of extreme values. A Gaussian filter with the SD equal to 150,000 bp was applied to filter the data.
The differential region finding analysis method was used to identify chromosomal regions associated with the presence of DTCs in the bone marrow (15) . In this nonparametric method, the array CGH data were analyzed at group level detecting the differences in DNA copy numbers between bone marrow-positive and bone marrow-negative patients. The chromosomes were divided in overlapping segments of 0.5 to 1.0 Mbp and each segment was tested for differences in copy numbers between the two groups. As a test statistic, the average number of correctly classified patients by the clones of each segment was used. The areas harboring bone marrow status-associated copy number differences were identified by means of hypothesis testing using 10,000 permutations to form the empirical probability distribution for the test statistic. To determine the P value of the segments, the proportion of permuted values at least as significant as the observed test statistic was calculated. The regions for which P values < 0.05 were obtained were assumed to be potentially associated with the bone marrow status. The regions closer than 10 Mbp were combined and the calculation of the P value was repeated to gain statistical power.
aCGH-Smooth was used to define losses and gains (16) . The zeroline was determined based on the performed sex mismatch. In cases with dubious zerolines, FISH validation was used with different centromere probes (CEP 10, 15, and 17; Vysis).
Gene expression profiling. Gene expression arrays were done on 16 lung adenocarcinomas using the Affymetrix HG U133 Plus 2.0 GeneChips (data available at GEO accession no. GSE10799) according to MIAME standards. Thirteen of these samples also were analyzed by array CGH.
cDNA synthesis using 50 ng total RNA (Two-Cycle Target Labeling Kit; Affymetrix) was carried out according to the GeneChip Expression Analysis Technical Manual. The gene expression array data were preprocessed using the GC robust multi-array average method (15) . The data were then log 2 -transformed and the median signal of the three normal patients was used as reference.
To detect chromosomal regions harboring gene expression changes associated with the presence of DTCs, we analyzed the data using the same region finding method (differential region finding) that was used for the array CGH. In addition, receiver operating characteristic (ROC) curves were used to identify individual genes that were differentially expressed between bone marrow-positive and bone marrow-negative patients independent of chromosomal localization (17, 18) .
The area under the curve (ROC) was calculated to assess the diagnostic value of each gene. This area corresponds to the probability of correctly diagnosing the status of a patient knowing the value of the gene expression. This measure gives an estimate of the diagnostic value of the individual genes. Additionally, empirical P values corresponding to the ROC values were obtained by means of permutation testing using 10,000 permutations.
To identify regions with both expression and copy number changes associated with the presence of DTCs in the bone marrow, the regions detected using array CGH and gene expression data sets were compared. The common regions of the two analyses were then detected. To test whether these regions contained more differentially expressed genes than what is detected on average, the genes of the region with P values < 0.05 were counted. The significance of the finding was assessed by taking 10,000 samples of regions with equal amount of genes as located on the test region and determining the number of genes with P values < 0.05. The P value describing the significance of the finding was estimated by determining the proportion of the regions that contained at least as many differentially expressed genes.
The Cluster 3.0 program was used for supervised hierarchical clustering the differently expressed probe-set IDs and genes between the two groups using the complete linkage method and the Euclidian distance (19) . For clustering the 104 significant genes within the five chromosomal regions, the mean was calculated of the significant probeset IDs corresponding to the same gene. Classification of these genes in functional categories was done by the functional annotation chart for biological processes of the database DAVID (20) . 7 FISH. FISH analyses detecting copy number changes at 4q21 were done on 14 adenocarcinomas already used in the CGH analysis as well as 29 other fresh frozen tissue samples including 8 adenocarcinomas, 20 SCC, and 1 large cell lung cancer (Table 1) .
For estimating DNA copy number alterations in metastatic tumors, a tissue microarray containing 36 brain metastasis (triplicate spots) from primary lung cancer patients was also analyzed, including 14 adenocarcinomas, 10 SCC, and 7 SCLC samples.
The BAC probe for 4q21 (Sanger clone IDs: RP11-570L13) was obtained from the German Resource Center for Genome Research. The BAC DNA was isolated using the Large Construct Kit (Qiagen) and labeled by random priming with dUTP labeled with spectrum orange using the BioPrime Labeling System (Invitrogen; ref. 21) . Centromere probes (CEP 15 and 17) were used as reference (Vysis).
FISH analyses were done as described before (21) . On average, 116 tumor cells of each sample were analyzed to create the average ratio. Additionally, 100 normal cells of six samples each were counted as negative control to measure the experimental bias and define the ratio cutoffs for copy number changes. Specimens containing a signal-tocentromere ratio z 1.5 were considered to carry a gain and a ratio of <0.75 carry a loss.
Results
DNA copy number profiles in primary lung adenocarcinomas. The DNA copy number profiles of 30 lung adenocarcinomas were analyzed on a 30K high-resolution oligo array CGH. In general, all of the analyzed tumor samples showed changes in the copy number of DNA sequences, including common aberrations for lung cancer (22) . In total, 27 different chromosomal regions harbored gains or losses in >30% of all cases irrespective of bone marrow status. The most common gains in all patients were 5pter-q11 (60%), 1q43-qter (40%), 11pter-p15.5 (39%), 8p12-p11.21 (39%), 8q12.1-qter (36%), 20pter-q11.21 (36%), 6p22.1-p21.31 (36%), and 7p13-q11.21 (36%). The most frequent losses were seen at 13q14.11-q22.1 (50%), 15qcen-q13.3 (43%), 9p13.1-q21.11 (42%), and 13q32.3-33.3 (33%). DNA copy number aberrations associated with DTCs in the bone marrow. Patients were separated into two groups based on their bone marrow status to find distinct patterns of aberrations associated with early occult hematogenous dissemination as indicated by the presence of DTCs in the bone marrow.
Two methods were applied to identify aberrations associated with the bone marrow status. The bioinformatic tool aCGHSmooth was used to detect potential breakpoints and define gains and losses (16) . Additionally, differential region finding, which aims to identify regions harboring copy number differences at group level between two conditions, was used to detect DTC-related loci. Previously, this method has been successfully used to identify specific regions associated with asbestos-related lung cancer (15, 23) .
In general, no differences could be found in the total number of aberrant clones, neither between bone marrow-positive and bone marrow-negative cases nor between lymph node-positive and lymph node-negative cases (Supplementary Table S1 ). However, we could detect 32 regions spanning 1.2 to 107 Mbp (median size, 2.45 Mbp) in which the DNA copy number between bone marrow-positive and bone marrow-negative groups differed (P < 0.05; Supplementary Table S2 ). All aberrations were single-allele gains or losses; thus, no high copy number aberrations were found specific for DTC status. Overall, eight chromosomal regions were found more commonly gained and three were lost in the bone marrow-positive group. None of the differentiating regions were exclusively altered in only one group.
The most significant finding was the aberration at 4q spanning a region with 107 Mbp. The chromosomal region 4q12-q32 was more often gained in bone marrownegative (63%) and lost in bone marrow-positive cases (29%). The whole 4q-arm was lost in bone marrow-positive cases in two cases and gained in bone marrow-negative cases in three cases. Figure 1 illustrates two array CGH plots for one bone marrow-positive case and one bone marrownegative case with aberrations representative of the bone marrow groups.
Expression signatures associated with genomic aberrations. To validate and increase the specificity of the identified genomic differences between the two groups, Affymetrix expression arrays were done. Differentially expressed genes between bone marrow-positive and bone marrow-negative groups were identified, and results were compared with regions harboring copy number differences between the two groups. Analysis was done with two different independent strategies. Differential region finding was used for the expression data in the same way as for array CGH. In addition, ROC analyses, which do not take chromosome position into account, were done to find possible target genes (17, 18) . Overall, 5.2% of the Affymetrix probe-set IDs (n = 1733), corresponding to 1,491 different genes, were found to be significantly differentially expressed (ROC < 0.2 or > 0.8 and P < 0.05). Hierarchical clustering of these clones divided the patients into two separate groups according to their bone marrow status (Supplementary Fig. S1 ). Using gene ontology classification, we detected 19 subcategories (P < 0.05, 15 biological processes and 4 molecular functions), which were enriched in these 100 most significant genes compared with all genes on the array (Supplementary Table S3 ). These 19 subcategories could be summarized under three main functional categories: general regulation of cellular processes (n = 4), metabolism (n = 7), and transcription (n = 8).
Five chromosomal regions consistently showed an altered gene expression pattern. Table 2 shows the five regions at chromosome 4q, 10p, 10q, 17q, and 20q found to have both DNA copy number alterations combined with gene expression changes. All these regions, except 20q, were specific for the bone marrow status and not associated with the lymph node status (data not shown). Interestingly, 20q was also significantly associated with lymph node positivity and showed gains especially in double-positive patients (lymph node-positive and bone marrow-positive).
Differentially expressed probe-set IDs were found either scattered over the chromosomal regions of 10q21-q22 and 20q11-q13 or clustered together into some ''hot spots'' in 4q, 17q, and 10p. In these five significant chromosomal regions, 104 genes were found to be differentially expressed according to the ROC analyses (Supplementary Table S4 ). This number was irrespective of chromosomal size significantly higher on average than in the other regions (P < 0.006). Figure 2 shows the hierarchical clustering results of these 104 genes. The genes clustered into three separate branches with one branch containing all except one bone marrow-negative patient.
The five main functional categories that were enriched in these 104 genes compared with all genes on the array were general enzyme activation (n = 58), biopolymer metabolism (n = 27), cell organization and biogenesis (n = 16), chromosome organization and biogenesis (n = 11), and positive regulation of cell proliferation (n = 4; Supplementary Table S3) .
FISH analysis of 4q. To initially confirm the array CGH results, FISH analysis was done for 4q21 on fresh frozen tissue from available tumor material used in the array experiments. Figure 3 shows representative FISH results for decreased, increased, and normal copy numbers at 4q21 in lung cancer tissues. All changes could be detected, except one loss, perhaps due to the heterogeneous nature of the tumor tissue.
For verification of the association between loss of 4q and the presence of DTCs in the bone marrow, FISH analysis for 4q21 was done on 29 additional, fresh frozen primary lung cancer tissues. Similar to the initial sample set, loss of 4q21 was significantly more frequent in bone marrow-positive patients (50%) compared with bone marrow-negative patients (6%; P = 0.039). Only one single gain was detected within the bone marrow-positive group. Combination of the FISH and the array CGH results for copy number changes in 4q21 for all 59 patients showed a significant association between losses of 4q and the presence of DTC in the bone marrow (37% versus 7%; P = 0.011; Table 3 ). In univariate analysis (Fisher's exact test), bone marrow status, tumor stage, and histology were associated with 4q loss. In multivariate analysis (binary logistical regression), bone marrow status (P = 0.016) and tumor stage (P = 0.037), however, remained as only independent factors associated with loss of 4q. Using different centromere probes, the ploidy of the tumor cells was determined. Although there was no significant difference in the ploidy between the two groups, tumors of bone marrow-positive patients showed a higher tendency for polyploidy (35% versus 23%).
Additionally, FISH analyses for 4q21 were done using a tissue microarray with 36 brain metastases of the lung. Thirty-nine percent of the samples showed one allele loss of 4q, whereas gains were only found in 6% of the patients. Similar to the bone marrow-positive primary tumors, 4q loss was more commonly found in SCC (brain, 50%; primary tumors, 57%) than in adenocarcinomas (36% and 19%). Univariate analysis showed no significant association among age, gender, and 4q loss. Brain metastases showed significant more losses of 4q21 compared with primary lung tumors overall (P = 0.024).
Discussion
Cancer development is known as a multistep genomic process including accumulation of numerous genetic alterations leading to an activation of oncogenes and inactivation of tumor suppressor genes (24, 25) . The present array CGH and expression results showed very complex DNA aberration and altered expressional patterns, which are typical for even quite early-stage lung tumors (26, 27) . Nevertheless, by combining the expression array with the array CGH data, we could identify five chromosomal regions associated with the DTC status. Two regions were associated with gains (17q and 20q) and three with losses (4q, 10p and 10q) in the bone marrow-positive group. Gains in chromosomes 4 and 10 were simultaneously found in bone marrow-negative patients.
Genomic instability, in which an increased rate of genomic aberrations permits the accumulation of genetic events resulting often in aneuploidy, was recently argued to be ''the seventh hallmark of cancer'' (28) . The level of aneuploidy can be furthermore translated to an expressional gene set (signature of chromosomal instability) that has a very high predictive power for clinical outcome for several types of cancer, including lung, breast, and colon (29) . Also, our study indicated a linkage of aneuploidy and thereby chromosomal instability with the micrometastatic status of a patient. In addition, one of the main functional categories of the 104 genes separating the bone marrow-positive from the bone marrow-negative patients was chromosome organization and biogenesis, showing the association between chromosomal instability and specific patterns of chromosomal changes for early hematogenous dissemination of tumor cells.
The loss of chromosome 4q12-q32 in bone marrow-positive patients and the gain in bone marrow-negative patients were clearly the most prominent findings. Therefore, for validation of these array results and as an independent measurement technique, FISH analyses were done showing a highly significant association between 4q loss and a bone marrowpositive status (P = 0.039). The combined results from array CGH and FISH showed loss of a single allele of 4q21 in 37% of bone marrow-positive compared with 7% of bone marrownegative samples (P = 0.011), indicating an important and specific role of 4q in the hematogenous spread of tumors independent of lymphatic dissemination.
In support of our results, a previous study on primary lung adenocarcinomas showed an association between loss of 4q and distant metastases and gain with the nonmetastatic phenotype (30) . In addition, in primary hepatocellular, oral SCC, and brain metastases, deletion of 4q has been found to be significantly associated with progression (31 -33) , making this locus highly interesting with respect to tumor dissemination. We detected loss of 4q in brain metastases (39%) from lung cancer patients at a frequency similar to that of bone marrowpositive primary tumors (37%), whereas gains were seldom found that were typical for bone marrow-negative group (6%). We found that, in both primary tumors and brain metastases, loss of 4q was not only restricted to adenocarcinomas but also found with a higher frequency in SCC and SCLC, indicating an important role of 4q in both NSCLC and SCLC. This and previous findings thus indicate that loss of 4q might not only determine early steps of the metastatic cascade of all types of lung cancer but also seems to influence the outgrowth of distant metastases, including those to the brain.
Region 4q was the largest chromosomal region found containing the highest number of differentially expressed genes irrespective of chromosomal size (P = 0.020). The differentially expressed genes clustered within this region into five separate hot spots, indicating the existence of more than one putative tumor suppressor gene. Also in SCLC, esophageal adenocarcinoma, and malignant mesothelioma, several separate small deletions have been described (34 -37) , although the target genes remain unidentified. In SCLC, a homozygous deletion was detected at 4q21 containing the MAPK10 gene. However, in our NSCLC data set, this gene was neither down-regulated nor homozygously deleted (37) .
Altogether, 104 genes were found significantly associated with the bone marrow status in the five chromosomal regions. Not surprisingly, clustering of these 104 genes showed an almost complete separation into two groups. However, none of the 104 genes differentiating the bone marrow-positive from the bone marrow-negative group has been described as a metastatic suppressor gene (38, 39) . Our micrometastatic predictor gene set did not overlap with the previously identified gene set associated with micrometastatic breast cancer, indicating either a specific metastatic signature for each tumor type or merely the very complex nature of the metastatic cascade (6, 7) . Therefore, our finding of specific chromosomal patterns is an additional step in understanding the highly complex processes related to metastasis and might help identifying new important target genes.
In summary, this is the first study showing a specific pattern of gene expression and DNA alterations that are associated with the early hematogenous dissemination of lung tumor cells. Our findings indicate that early hematogenous dissemination of tumor cells appears to be a specific process driven by a set of molecular changes. Especially the large deletion on chromosome 4q in bone marrow-positive patients as well as in brain metastases suggests that important metastasis suppressing genes are located in this region. Our results thus provide new insights into the genetics of lung tumor dissemination and may promote future studies identifying the genes underlying early dissemination and growth of lung tumor cells at distant sites. However, the clinical relevance of these aberrations remains to be further elucidated in further studies before declaring them as prognostic markers for lung tumors that might spread mainly to the bone marrow.
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